| We describe a new technology, the Ibis T5000, for the identification of pathogens in clinical and environmental samples. The Ibis T5000 couples nucleic acid amplification to high-performance electrospray ionization mass spectrometry and base-composition analysis. The system enables the identification and quantification of a broad set of pathogens, including all known bacteria, all major groups of pathogenic fungi and the major families of viruses that cause disease in humans and animals, along with the detection of virulence factors and antibiotic resistance markers.
A walk into a clinical microbiology laboratory today can be like taking a step back in time: culture plates, incubators and microscopes dominate the 'labscape'. It can take days to fully characterize the infectious agents in a patient's sample, beginning with culturing, followed by biochemical tests. Public-health laboratories also deal with the detection and management of infectious diseases, but from the perspective of benefiting society rather than the individual. Epidemiological investigations begin with laborious methods, such as culturing, followed by pulse-field gel electrophoresis (PFGE) or sequencing. Government biodefence and homeland-security agencies have a mandate to detect infectious disease agents to protect against, or respond to, acts of bioterrorism. The US government, for example, has built a large surveillance infrastructure to monitor the environment in major cities for the presence of biological weapons that might be released in an aerosol attack. In these cities, individuals with acute respiratory distress or fevers are treated in hospital emergency departments and doctors' offices. If an individual was infected with a microorganism of bioterrorism significance, it would not be discovered through the government's efforts, as the government's environmental surveillance programme is not integrated into the health-care system. The CDC's PulseNet programme (see Further information) for the comparison of PFGE patterns perhaps presages the future of tracing and following accidental or intentional outbreaks of infectious disease. However, PFGE is time consuming, requires a high level of skill and the pattern results can vary between laboratories. This demonstrates the primary hurdle that prevents rapid and reliable data sharing between clinical microbiology laboratories, public-health laboratories and biodefence agencies: the lack of a reproducible, high-throughput, cost-effective technology that provides digital signatures to detect and identify microorganisms.
The development of this type of technology is a daunting proposition. According to literature reports, more than 1,400 species of microorganism are known to cause disease in humans 1 . Moreover, each of these species can have hundreds of strain or genotypic variations with different properties of virulence, transmissibility or drug resistance. The ideal diagnostic technology to serve individuals, broad publichealth interests and biodefence should provide universal pathogen-identification capability; identify all organisms that are present in a quantitative manner; identify emerging, previously uncharacterized organisms and determine the most closely related species; facilitate outbreak investigations and forensic analysis; facilitate rapid information sharing through a centralized database; allow immediate testing of samples, as well as high-throughput testing; and have low per-sample analysis costs.
The technology that we describe in this article was designed to meet these specifications. We have coupled broad amplification by PCR with electrospray ionization mass spectrometry (ESI-MS) in a system that we call the Ibis T5000. The basic principle of operation is shown in FIG. 1. In brief, multiple pairs of primers are used to amplify carefully selected regions of the genome of the microorganism of interest. Following amplification, a fully automated ESI-MS analysis is performed. The mass spectrometer effectively weighs the amplicons, or mixture of amplicons, with sufficient mass accuracy that the composition of nucleotides (A, G, C and T) can be deduced for each amplicon present. The base composition is compared with a database of calculated base compositions that is derived from the sequences of known organisms to determine the identities of any microorganisms that are present. Thus, analysis using the Ibis T5000 provides detailed information which is analogous to that obtained using a microarray or parallel DNA-sequencing instrument. The Ibis T5000 mass spectrometer analyses each PCR reaction in less than 1 minute, using no consumable products, and is completely automated. We have developed assays for use with the Ibis T5000 that enable the simultaneous identification and quantification of all known bacteria, all major groups of pathogenic fungi and the major families of viruses that cause disease in humans. Here, we describe how this technology can be used for pathogen detection for the benefit of individuals and society.
The Ibis T5000 universal biosensor The mass spectrometer component of the Ibis T5000 enables more information to be extracted from PCR reactions than can be obtained with standard individual probes. This enriched information extraction occurs in two dimensions simultaneously. First, a large number of PCR amplicons can be analysed. This enables the use of PCR primers that amplify groups of organisms in mixed populations, rather than single species. For example, primers for viruses can be designed to encompass entire viral families that comprise hundreds of characterized species, and primers for bacteria can be designed that encompass the entire bacterial domain of life. Second, a large amount of information is obtained from each individual amplicon by mass spectrometry. The mass spectrometer weighs each amplicon with sufficient accuracy that the composition of nucleotides (As, Gs, Cs and Ts) can be unambiguously determined. Although not as information rich as the sequence (the linking order is not determined using ESI-MS), for many diagnostic purposes, the nucleotide composition of a nucleic acid can have the same practical value. For example, when a small set of primers is strategically chosen, approximately six PCR reactions can yield sufficient information to identify the bacteria that are present to the species level 2 . For viruses, primers can be designed to encompass broad genera, such as Alphaviruses 3 or Mastadenoviruses 4 , or even whole virus families, such as the orthomyxoviridae 5 or Coronaviridae 6 . When primers are designed to amplify all known members within a target group, previously uncharacterized members are also detected. This is a crucial advantage of the Ibis T5000 technology relative to probe-based molecular methods, for which anticipation of the target nucleic acid sequence is required to design the probe.
Bacterial surveillance
Detection and identification of multiple bacterial species in a clinical sample, such as blood, cerebrospinal fluid or sputum, is challenging. The conventional molecular approach is to design specific PCR primers that target specific pathogens. However, this quickly becomes unwieldy because of the large number of possible infecting pathogens. It is not possible to identify rare, emerging or unanticipated pathogens using this conventional method, because the organism's identity must be known in advance to design the test. In the Ibis T5000 system, broad-range primers that can hybridize to virtually all bacterial genomes, rather than specific primers, are used. broad-range priming is possible because all bacteria share a number of common nucleic acid sequences that are of sufficient length to support the binding of PCR primers. These broad-range primers are used to amplify a product from all bacteria or groups of phylogenetically related bacteria (FIG. 2) . The most notable region for broad priming is ribosomal DNA 7, 8 , but there are also broad-priming opportunities in genes that encode other structural RNAs, such as RNase P, and housekeeping proteins 9 . For this strategy, it is essential that the broad-range primers flank regions of variability such that the base composition of the resulting amplicon is information rich. It would be ideal if an amplicon from a single pair of broad-range primers would provide sufficient information to identify all bacteria and determine the species but, because some bacterial species have the same base composition in conserved primer regions, a number of amplicons from different regions of the microbial genome must be analysed. Primer choices are made based on their ability to provide maximal parsing using base composition as a metric.
Microorganisms are distinguished using the aggregate information from the base composition of a number of amplicons; we refer to this as triangulation. The resolving power of base-composition analysis is compared with that of sequencing in BOX 1.
Analysis of a sample using multiple broad PCR reactions has several other important benefits. The first relates to coverage of diverse organisms. broad-range primers designed to amplify DNA from all bacteria, even those targeted to ribosomal DNA, do not match all organisms perfectly and a certain number of mismatches between the PCR primers and some genomes is inevitable. This was considered in the development of PCR conditions for the Ibis T5000, and the conditions are permissive in the first few cycles to ensure hybridization of a partially mismatched oligonucleotide primer to the target. Great care is taken to match the 3′ ends of the primers to the targets; this region is the most sensitive to mispairings during PCR initiation. However, priming failures owing to mismatches between primers and targets will occur for some organisms for any given primer pair. The use of multiple PCR reactions that are targeted to different Like any other methodology that uses Pcr, the nucleic acids must first be purified from the clinical or environmental sample. Target sites on microbial genomes that are common across broad groups of microorganisms and that flank regions of high information content are selected for primer design. Broad-range Pcr is conducted and, following an automated desalting step, amplified nucleic acids are electrosprayed into a time-of-flight (TOF) mass spectrometer and the spectral signal is processed to identify the masses of the amplicons that are present with sufficient mass accuracy to unambiguously calculate the nucleotide base compositions present in each amplicon. The information from all wells is used in a mathematical process that is known as triangulation to convert the basecomposition data to a list of the organisms that are present and their relative and absolute quantities. esI-Ms, electrospray ionization mass spectrometry. regions of the microbial genome provides an inherent redundancy that protects against some organisms being missed owing to mismatches from single primer pairs. Triangulation also increases the dynamic range of detection limits. With extremely broad coverage, such as that provided by the ribosomal-DNA-targeted primers, the microorganisms that are present in a sample compete during the amplification process. When organisms differ in concentration by a ratio of more than 100 to 1, the lower abundance microorganisms might not be detected because they exceed the dynamic range of the competitive PCR reactions. However, when two different microorganisms are individually amplified by non-overlapping division-wide primers, the microorganisms do not compete with each other, because they are amplified in different PCR reactions. The mass spectral information from several reactions is used to triangulate the identities of the organisms that are present. Notably, using the triangulation strategy, none of the primers is designed to be specific for any one microorganism, but instead the primers are designed to cover the bacterial tree of life using a redundant, nested-coverage approach. This enables identification of any bacterial species, even previously unknown organisms, with a single test.
An example of a broad-range primer analysis of a complex mixture of microorganisms is shown in FIG. 3 . The spectrum was obtained by using a ribosomal-DNAtargeted primer pair for PCR of a sputum sample from a patient with cystic fibrosis. Spectral signals from six distinct microorganisms were present and microorganism identification was based on triangulation of the signals from eight broad-range primers. Use of integrated information from multiple broad-range primers allows the identification of virtually all organisms that are present in a sample. Crucially, the time to identification is 4-6 hours, and therefore appropriate action can begin promptly.
Bacterial genotyping
The Ibis T5000 method identifies microorganisms by measuring the base composition of selected genomic regions and comparing these digital fingerprints with a database of microorganism signatures that are derived from known sequences. These digital signatures provide a powerful means to identify microorganisms; digitization also enables the technology to be applied to outbreak investigations, forensic analyses, epidemiological tracking and real-time integration of data from various locations. because regions of high variability in the microbial genomes are amplified, a certain amount of intra-species variability is often observed. For example, primer pairs targeted to variable regions of housekeeping genes that are common to all bacteria will yield a set of base compositions that vary slightly -usually one or two mutations in a few of the target sites -in different Box 
| Comparison of the resolving power of base-composition and sequence analysis in bacteria
We analysed the resolution of 405 unique bacterial species that was provided by the regions amplified by the 16 primer pairs that are used for bacterial surveillance 2 (see the figure) . Six of these loci are found within the ribosomal subunits and are expected to yield amplicons from virtually all bacteria. By contrast, the ten primer pairs that target essential housekeeping genes typically cover distinct phyla (FIG. 2) and provide additional resolution within the densest parts of the bacterial tree. We first used a computational simulation of PCR to extract the representative sequence and base composition (if any) from each loci for each of the 405 unique, completely sequenced (by September 2007) bacterial species (see Further information for a link to complete microbial genomes from the NCBI database). Thus, we associated each species with a unique 16-loci signature. As the genomes of some species are not amplified by certain primer pairs, on average, there were 7.2 loci with base-composition and sequence signatures. We then determined the number of species that were unambiguously identified by either sequence or base-composition analysis using a variable number of these loci, starting with the six ribosomal loci and adding one locus at a time. Primer pairs were initially sorted by decreasing breadth of coverage, starting with the ribosomal primer pairs (in blue). The resolution of base-composition analysis approximates that of sequence analysis after the addition of the third primer pair, leaving only six extra pairs of closely related organisms that are not separated; this difference disappears after the addition of the ninth primer pair, and neither base-composition nor sequence analysis of the selected genomic regions distinguishes the remaining 19 closely related species. 4b. A27, G33, C29 and T20 Pseudomonas aeruginosa 5a. A22, G26, C37 and T25 5b. A25, G37, C26 and T22 Arthrobacter chlorophenolicus 6a A23, G26, C36 and T25 6b. A25, G36, C26 and T23 Stomatococcus mucilaginosus strains of the same species. These variations provide distinguishing fingerprints that can be used to track the spread of microorganisms in a hospital setting or follow an epidemiological trail. However, to use the Ibis T5000 technology specifically for epidemiology, a set of genus-or species-specific primer pairs should be designed that target genomic regions that are optimized to distinguish strains within the same species. Genes are selected that provide two levels of evolutionary 'clock speed' for strain genotyping. The first are the housekeeping genes that are used in multilocus sequence typing (MlST) 10 and the second are species-specific variable number of tandem repeats (vNTRs) 11 .
P e r s P e c t i v e s
MlST and vNTR analyses are conventionally conducted using PCR, followed by sequencing or gel electrophoresis, but both types of targets can be analysed using the high-throughput Ibis T5000. This approach has been used successfully to track a group A Streptococcus outbreak in a military training camp 2 and to investigate the source of an outbreak of Acinetobacter spp. in hospital settings 12, 13 .
virus identification and genotyping
The Ibis T5000 is also useful for identifying and tracking viruses. Despite higher mutation rates and greater sequence variability than bacteria, conserved primer target sites can be identified that enable priming of entire genera or even complete virus families. RNA-dependent RNA polymerase is a housekeeping gene that is common to all RNA viruses and provides several target-site opportunities for developing primers that amplify multiple species within a virus family. This strategy is powerful because a single PCR reaction analysed by mass spectrometry can be used to detect and identify tens to hundreds of related viral species. As shown in FIG. 4 , despite the inherent variation of base composition that is found in different flavivirus entries in Genbank, which generates a 'cloud' of base compositions for each species, each species can be distinguished. because at least two sets of primer pairs targeted to different regions of the viral genome are generally used for each virus group, potential misclassification is avoided, as two regions taken together provide unambiguous species identification. This strategy has been used effectively for broad detection and strain typing of adenoviruses 4 , influenza viruses 5 , alphaviruses 3 , coronaviruses 6 and orthopoxviruses 9 .
Microorganism quantitation
Quantitation in the Ibis T5000 process is achieved by using an internal calibration standard. A nucleic acid with a target sequence that is similar to the primer target sites is added to each PCR reaction at a precisely known concentration. The calibration standard is amplified along with the microbial nucleic acids that are present. The amplicon that is generated from the calibration standard contains a small deletion that unambiguously distinguishes it from the amplified microorganism nucleic acid in the mass spectrum (FIG. 3a) . Comparison of spectral peak heights from the calibration standard and the amplified microorganism nucleic acids enables determination of the concentration. This internal calibration method is accurate, within fourfold of the actual concentration, in part because each sample is analysed in multiple PCR reactions that are all independently calibrated and the average over all PCR reactions is reported for each sample 9 . The calibration standard also serves as an internal positive control. If the calibration standard is not amplified, something in the particular sample might be inhibitory or the PCR might have failed for some other reason. Thus, the calibration standard is valuable as a quality-control check for PCR inhibition and the subsequent steps in mass spectrometry and signal analysis.
High-information-content diagnostics
Key to the use of high-information-content tests in a diagnostic setting are practical considerations, such as the complexity and the skill set that are required to run the assay, costs, throughput and interpretation of complex data. Although several current technologies, including microarrays and parallel sequencing methods, can theoretically Figure 3 | The spectrum of amplicons obtained from a sputum sample from a patient with cystic fibrosis using a primer pair that targets ribosomal DNA. a | shows a broad mass range that includes each strand of the internal calibration standard. b | shows an expanded view of the spectral region that excludes the calibration standard. each amplified product has two peaks that correspond to the two strands of the amplicon. The organisms that are assigned to each peak are based on the collective interpretation from eight broad-range primers. applications and conclusions Infectious diseases are, by definition, communicable, and yet virtually all infections in individual patients are diagnosed and treated in isolation. What might be learned about the virulence of a microorganism or its response to selected therapies is not easily transferred to aid the treatment of patients who become sequentially infected with the same clonal strain. For example, two paediatricians who work in the same medical complex are likely to see children who have been infected by the same pathogen, but have no way of knowing it. The microorganism in question might be making its way across a country, having been treated successfully or unsuccessfully by other physicians weeks or months earlier in adjacent states, provinces or countries. The technology described here has the potential to integrate infectious disease identification and treatment across time and distance. As the Ibis T5000 provides digital signatures of identified microorganisms, this technology allows the collection and dissemination of epidemiological information in real time. The microbial signatures, along with previous treatment information on that pathogen, can be shared electronically. New signatures can be recorded in a central database and the appearance of those signatures in new locations will enable real-time epidemiological analysis by public-health officials. likewise, integration of biodefence surveillance with routine clinical diagnostics is facilitated by the use of technology that identifies any organism that infects patients, including bioterrorist agents, rather than only routinely observed infectious agents. We suggest that the infectious disease community should consider the impact of integrating the various communities of stakeholders who are concerned with infectious microorganisms. The Ibis T5000 technology described here is one diagnostic method that has been designed to achieve this objective.
